Levels of environmental pollution are commonly assessed via biomarkers, one of which is the activity of the cholinesterase enzyme. This study analyzed activity of cholinesterase in muscles samples of Rineloricaria kronei fish in order to assess levels of anticholinesterasic pollution in coastal rivers of the Serra do Mar mountain range in southern Brazil. A total of 93 specimens were collected at six sites along the Caiuru, Pinto and Sambaqui rivers between August and November 2007. Specimens were collected via electrofishing, with a sampling effort of 50m/hour. Cholinesterase enzyme (ChE) activity was measured in extracted muscles in the laboratory and the results analyzed using one-factor ANOVA, followed by Dunnett's test. ChE activity at sites 2, 3 and 4 was similar to that observed in control specimens. Mean activity was lower than the control (p<0.05) at Site 1 (4.6+1.5) and highest at Site 5 (98.7±16.2). Site 5 appears likely to be contaminated with heavy metals, based on the increased activity of the cholinesterase enzyme. This study suggests that the cholinesterase biomarker can be used not only to demonstrate the presence of organophosphate and carbamate pesticides, but also to indicate the presence of heavy metals.
INTRODUCTION
Rivers in Brazil's Atlantic Forest biome have extremely high species diversity (Lowe-McConnell, 1999) . Many of the region's species are endemic to these rivers, which are threatened by deforestation, loss of riparian vegetation, erosion, siltation, illegal sand extraction, and pollution from homes, farms, and industry. Since the health of individual animals in this ecosystem directly reflects the ecosystem's environmental integrity (Angermeier & Karr, 1994) , physiological changes in an individual may indicate environmental impacts. Identifying these changes can help mitigate impacts in the region. One such change is cholinesterase enzyme (ChE) activity, which is considered a biomarker capable of indicating the presence of organophosphate and carbamate insecticides (Sturm et al., 1999) .
Acetylcholine is a neurotransmitter present in neuromuscular junctions and synapses of the autonomic nervous system, where it is responsible for transmitting signals between nerve cells (Purich & Allison, 2002) .
Cholinesterases are a family of esterases that catalyze the hydrolysis of a variety of choline esters (Purich & Allison, 2002) . Located in the pre-and postsynaptic membranes, this enzyme mainly regulates nerve signals in the synaptic cleft (Mendel & Rudney, 1942) . The enzyme is a commonly used biomarker in studies of aquatic ecotoxicology, since it is extremely sensitive to concentrations of organophosphate and carbamate pesticides. Cholinesterases are also sensitive to some heavy metals (Torre et al., 2002) , which affect the peripheral allosteric site responsible for modulating enzymatic activity (Tabche et al., 2000; Tsigelny et al., 2000) .
Conditions of terrestrial environments reflect in the coastal rivers. Anthropogenic activities on the river margins can produce negative effects on their ecology (Lowe-McConnell, 1999; Veiga et al., 2006) . Organisms that live in these rivers are important bioindicators of water quality, and carry a record of exposure to xenobiotic compounds that is expressed in the form of various physiological and biochemical deviations from normal (Angermeir & Karr, 1994) . Native species and species that are year-round residents of these rivers are especially desirable as bioindicators of environmental impacts, since they offer a framework in which the local fauna can provide information about pollution levels (Winkaler et al., 2001) . In this study we focused on the fish Rineloricaria kronei (Siluriformes).
Distributed throughout Brazil, Rineloricaria is considered a complex and taxonomically unresolved genus. Fish in the genus live attached to rocks and submerged branches, often burying themselves in the sand so that only the eyes are exposed (Barreto & Aranha, 2005; Covain & Fisch-Muller, 2007) . They are herbivores, with mouths and teeth adapted to scraping river substrates for algae, detritus, and even wood (Oyakawa et al., 2006; Covain & Fisch-Muller, 2007) . As permanent residents of coastal rivers, they are exposed to pollutants there year-round.
In this study we quantified the activity of cholinesterase in muscle samples of Rineloricaria kronei, with the aim of identifying possible anticholinesterasic pollution at five sampling sites in a coastal river of the Serra do Mar in Paraná, southern Brazil.
MATERIALS AND METHODS

Collected samples
Sampling was carried out in the Pinto River, the Caiuru River (a tributary of the Pinto), and the Sambaqui River, all of which are located in the township of Morretes, Paraná (Fig. 1 ). The sampling sites were located in rural areas where anthropogenic impacts include small-scale farming and domestic sewage runoff. Six sites were established as follows:
-Site 1 (25 o 34.360' S 48 o 53.005' W) was located on a stretch of the Caiuru River with a rocky riverbed and several small waterfalls. In August 2007 part of the riverbed at this site was cemented in order to protect a pipeline that crosses the river underground. -Site 5 (25 o 27.254' S 48 o 50.720' W) was located in a stretch of the Pinto River with a sandy bottom. Prior to sampling this area has suffered significant impacts related to sand-dredging.
-A control site (25º 33.737' S, 48º 43.986' W) was located on the Sambaqui River. Specimens from this site were used as controls.
Samples were collected every month between August and November 2007 at the five sampling sites on the Caiuru and Pinto rivers. We collected using electrofishing methods at a sampling intensity of 1 hour for every 50 m of river. At each site we randomly selected and sacrificed specimens of R. kronei, which were chilled in the field to inhibit enzyme activity and later stored in the laboratory at -4 o C.
At all sampling sites we measured conductivity, water temperature (°C), turbidity (TU), pH, and dissolved oxygen (DO).
Twelve control individuals were collected at the control site in August 2007 and acclimated in 96L aquaria containing aerated water for 28 days. Aquarium water was filtered by a biofilter and an activated carbon filter, and a quarter of the water renewed weekly using a siphon. The aquarium was covered with screens to reduce stress. Animals were not fed during the 28-day period. Twenty-eight days have been shown to be sufficient to reestablish cholinesterase activity after any possible inhibition (Weiss, 1961) .
Cholinesterase activity analysis
Analyses were carried out using the Ellman Method (Ellman 1961), modified for microplates by Silva de Assis (1998). After each monthly sampling, R. kronei specimens were kept frozen at -4ºC for one week. Specimens were then thawed but kept chilled, and muscle sampled via one perpendicular cut to the body just behind the anal orifice and another to remove the tail, leaving the entire caudal peduncle. The caudal peduncle was weighed on a digital balance and manually macerated and homogenized in a 0.1 M phosphate buffer solution with a pH of 7.4. Bony plates were removed, weighed, and subtracted from the weight of the entire caudal peduncle.
The macerated muscle was stored in Eppendorf tubes, centrifuged at 10,000 rpm at <5º C for 10 minutes, and the supernatant liquid decanted for later use to assess enzymatic activity.
To determine the concentration of ChE, samples were diluted at 1:10 in a 0.1 M phosphate buffer solution, and 50 µL of the diluted samples then placed a microplate well. To these samples we added 50 µL of acetylthiocholine iodide and 200 µL of (5,5'-dithiobis-(2-nitrobenzoic (DTNB) acid, and this process was repeated in three wells for each sample. Five readings were taken with a spectrophotometer at 1-minute intervals using a 450-nm wavelength. ChE activity was calculated in relation to muscle weight (mg) using the following equation (Eq. 1):
Eq. 1) where t = time; ε = extinction coefficient of DTNB (1.36 * 10 4 mL * nmol -1 * cm -1 ) at a 415-nm wavelength; d = diameter of the microplate wells; sample dilution = {1 * 1 * [(300/50)*10]}.
Statistical Procedures
One-way ANOVA was used to compare the samples collected in different months at each site. All samples from each site were compared with the control samples by one-way ANOVA, followed by Dunnett's test (α=0.05) (Zar, 1998) .
RESULTS
For characterization of sample points, we found a stability between the observed means, without statistical differences (p>0,05) (Table 1) . Thus, we consider the comparison of the samples points liable because they have similarity in their abiotic characteristics.
Only three R. kronei specimens were collected at sampling site 1, all of them in August. Fish from this site showed the lowest ChE activity, 4.6+2.6 nmol min -1 mg -1 . This mean did not differ significantly from those of the other sampling sites (p>0.05), or from that of the control specimens (p>0.05). The lack of significant differences may be the result of the low number of samples collected at this first site, and the lack of specimens from others months. This could potentially be a Type II error, which supports the null hypothesis when it should be rejected (Zar, 1998) . For this reason, in order to avoid a loss of power in the analyses, data from this sampling site were excluded from the remaining analyses.
At sampling sites 2, 3, 4 and 5 we collected 28, 21, 23 and 20 specimens of R. kronei, respectively. As ChE activity at a given site did not vary significantly over the four months of the study (Table 2) (p>0.05), data from all months were combined into a compound sample for each sampling site.
Mean (+SE) activities at sampling sites 2, 3, and 4 were 61.1±8.0, 48.3±7.6, and 75.3±12.2 nmol min -1 mg -1 , respectively (Fig. 2) . These means are not significantly different from the mean observed in control specimens (39.0±5.3 nmol min -1 mg -1 ) (p>0.05) (Fig. 2) .
Site 5 showed the highest mean cholinesterase activity. Mean activity in specimens from that site, 98.7±16.2 nmol min -1 mg -1 (Fig. 2) , was significantly higher than that observed in control specimens (p<0.05).
DISCUSSION
The aim of this study was to quantify the range of variation of activity of cholinesterase in muscles samples of the fish R. kronei, a year-round resident of coastal rivers, and to assess the biomarker's effectiveness in detecting different types of environmental pollution. There are two types of cholinesterases in vertebrates. Butyrylcholinesterases are more frequent in nerve endings associated with muscles and prefer at five sites on the Caiuru and Pinto rivers. The last column shows the p-value of a one-way ANOVA comparing the monthly means at a given site. substrates in low concentrations, while acetylcholinesterases are more frequent in the central nervous tissue and act when there is substrate in excess (Marcel et al., 1998) . Our study of cholinesterase activity focused on the muscles of fish because butyrylcholinesterases are more sensitive to low substrate concentrations (Metzler, 2003) and because the abundance of muscle tissue facilitates analyses of enzymatic activity and permits greater precision.
Analysis of the data revealed that the lowest values of enzymatic activity were recorded at Site 1, which indicates inhibition of the ChE enzyme. This could be the result of recent construction at this site to encase an underground pipeline in concrete, which may have caused hydrocarbon and/or heavy metal pollution. Both are specific anti-enzyme ChE pollutants, and their pathways with ChE have not been fully elucidated (Torre et al., 2002) . However, some authors have hypothesized possible pathways for heavy metals. Tabche et al. (2000) observed that high concentrations of nickel (Ni) inhibit cholinesterase, suggesting that the metal bonds to the structure of the enzyme and reduces its affinity for the substrate. Thus we cannot discard the possibility that pipeline-derived pollutants affected results in this stretch of river, despite the very low sample size at this site.
Another hypothesis to explain the inhibition of cholinesterase enzymes is pollution from insecticides and herbicides used in subsistence agriculture along the Caiuru River. These pesticides reach rivers mostly through water transport, either via surface flow or leaching through the soil (Campagna et al., 2006) . Pollution from tomato crops was found in groundwaters and nearby rivers by Veiga et al. (2006) , who showed that a large proportion of the pesticides used in agriculture do not remain on agricultural lands. The low sample size at Site 1 makes any discussion of cause and effect speculative, however, and testing these ideas in a robust fashion will require additional sampling.
Mean activity at sites 2, 3 and 4 was not significantly different from that found in the control specimens, suggesting that these sites may not have suffered anticholinesterasic pollution, at least at levels that are detectable with our methods.
The date from Site 5 suggested that cholinesterase is being activated there. Similar results were reported by Tabche et al. (2000) , who noted that low concentrations of nickel (0.01 mg kg -1 and 0.1 mg kg -1 ) increased cholinesterase enzyme activity. There is another peripheral allosteric site which is responsible for modulating enzymatic activity (Tabche et al., 2000; Tsigelny et al., 2000) , and the presence of small quantities of divalent metals bond to this site and stimulate enzyme activity (Tsigelny et al., 2000) . Higher concentrations, however, interfere in enzyme-substrate interactions at the cholinergic site, inhibiting activity (Marcel et al., 1998; Tabche et al., 2000) .
In addition, Alves (2003) noted that increased enzyme activity may indicate a compensatory effect of previous exposure to organophosphates and/or carbamates. A study by Tsuda et al. (1993) showed that these compounds reach peak pollution after 24 hours of exposure, after which fish's bodies begin a process of detoxifying and excreting. While it is possible that Site 5 is polluted with a divalent heavy metal such as nickel, this hypothesis remains untested, since we did not carry out analyses to detect divalent heavy metal pollution in the area.
Through the measurement of fish cholinesterase activity in the coastal streams it is possible to observe areas with different degrees of anthropogenic impacts. Low cholinesterase activity was observed in specimens from the first site, suggesting inhibition related to the pipeline that crosses the river there or to the leaching of pesticides and herbicides from nearby farms.
In the Pinto River, sites 2, 3 and 4 showed levels of cholinesterase activity considered normal, based on the variation observed in the control data.
At Site 5 cholinesterase activity was higher, suggesting possible pollution by divalent heavy metals, which in low concentrations can stimulate ChE activity, or previous exposure to an anticholinesterasic agent, from which fish were still recovering.
We recommend that future analyses of cholinesterase activity be carried out together with assessments of the presence of heavy metals and pesticides in water and soils. Such a joint study would make it possible to confirm chemical pollution, as well as the biological effects of that pollution on the organisms that live in these environments.
